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In the present study, image processing techniques are applied to the chronophotographic
visualizations of a cylinder wake generation. The flow patterns obtained by means of tracer
particles are digitalized and processed in order to characterize the flow. This characterization
is carried out by determining the evolution of the geometric parameters governing the wake,
together with the streamfunction, vorticity, and pressure distributions. The present study
reaches the moment of shedding of the first pair of vortices.

I. INTRODUCTICON

The study of the unsteady flow generated by an impul-
sively started cylinder, despite its simple geometry and the
fact that it poses a classic problem in the field of fluid me-
chanics, is still a subject open to further research. This is due,
particularly in the case of moderate and high Reynolds
numbers, to the extraordinarily complex nature of the phe-
nomena involved, which do not allow trivial interpretations.

The flow patterns that are obtained in the cylinder wake
generation basically depend on both the Reynolds number
and the moment of observation of the unsteady process. The
study, undertaken by Coutanceau and Bouard,’ enables the
existence of three differentiated flow regimes to be estab-
lished: for low Reynolds numbers (4.4<Re<60), moderate
ones (60<Re<500), and high ones (Re»>500). There exist
other factors that exert a secondary and disruptive influence
on the above parameters. Included among these is the sur-
face roughness of the cylinder?; its aspect ratio and the
blockage relation® must be pointed out.

The difficulty in the numerical integration of the Na-
vier-Stokes equations for this geometry in an unsteady re-
gime*~'2 leads to the need for accurate experimental results
in order for them to be correlated to the previous ones. This
will, in turn, validate the hypotheses necessary for the nu-
merical solution of the problem. Despite the importance of
both this study and the interpretation of these types of flows
for moderate and high Reynolds numbers, the experimental
work carried out so far'>~!° has, in most cases, been restrict-
ed to low or moderate Reynolds numbers and is always limit-
ed to the first phase of the process.

The aim of the present study is to characterize the gener-
ation of a cylinder wake for a high Reynolds number
(Re = 2000). Thus both the first unsteady phase and a sec-
ond phase are analyzed, the latter being characterized by the
mutual interaction of the first pair of vortices formed, which
leads to the self-destruction of the coherent vorticity. Image
processing techniques are applied to the chronophoto-

,,,,,,,,,,

distribution of the different fluid-dynamic variables:=asso-
ciated with the flow are evaluated. Image processing tech-
niques were also applied by Dimonakis et a/.?° and Kobaya-
shi et al.?"*? in the experimental study of mixing layers and
wakes, respectively.
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H. EXPERIMENTAL DETAILS

The visualizations were obtained in the towing water
tank (50 cmX 30 ¢cm X250 cm) described by Massons?
(Fig. 1). A guiderail system, on which a carriage moved,
enabled the model, the lighting system, and the photograph-
ic equipment to be shifted, free of vibrations. The two-di-
mensionality of the flow was checked in order to elect the
maximum diameter of the cylinder, which allows a two-di-
mensional flow to be maintained for a cylinder of 30 cm in
length. As a result of this preliminary study a cylinder of
D = 6cmin diameter was chosen. The blockage ratiois 0.12;
this value is lower than the one used by Honji and Taneda'?
and Bouard and Coutanceau®* for similar Reynolds number.
The cylinder was made of highly polished Plexiglas. Its
roughness is less than 103 times the cylinder diameter. The
illumination of the observation plane was achieved by means
of two movie lights, each of 1000 W, situated on both sides of
the tank and collimated by 5 mm wide slits. The photograph-
ic recordings of the particle motions projected on the obser-
vation plane were obtained at regular time intervals using a
Nikon FM2 camera, equipped with a Nikon MD-12 motor
drive. The photographic film used for the visualizations was
Ilford, having a 400 ASA. The time corresponding to each
photograph had been obtained by calibration of the camera
motor drive, and its evaluation adimensionalized with re-
spect to the time taken by the potential-steady fiow in cover-
ing a distance equal to the cylinder diameter; that is,
t* = tU,/D, where U, is the free-stream velocity in the final
steady regime and D is the cylinder diameter. The exposure
time for obtaining the photographs was ¢,,, =1 s (¢%,

= 0.137), an interval in which it may be allowed that the
velocity field of the flow does not evolve to any appreciable
extent, while the camera shutter remains open. Synchronism
between the start of movement and the taking of the photo-
graphs was achieved by using a Nikon MC-4 remote-control
cable, which activates the camera motor drive simultaneous-
ly with the starting of the cylinder motion. An analysis of the
time evolution of the length of the traces located in the po-
tential zone of the flow is carried out in order to evaluate the
time history of the translation velocity of the cylinder. This
preliminary test has concluded that the velocity of the cylin-
der is constant after * = 0.074 (first photograph). At this
point the detachment of the boundary layer has not occurred
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FIG. 1. Sketch of the flow vi-
sualization channel.

300

yet. Consequently, the starting of the cylinder can be consid-
ered almost instantaneous.

Magnesium powder (2-5 um in diameter) was used to
provide the tracer particles for the chronophotographic re-
cordings. The particles were spread homogeneously
throughout the flow. In order to obtain a stationary and
passive distribution of particles it takes more than 30 min
between the spreading of the particles and the moment of the
flow visualization. The spreading density resulted from a
compromise between a value high enough to give suitable
accuracy in the later numerical calculations and low enough
to enable the localization and individualization of each parti-
cle path in the applied image processing.

Figures 2(a)-2(f) show the visualizations correspond-
ing to the first stage of the flow, between the moments
t* = 1.11and ¢t * = 6.32, after which the first pair of vortices
formed in the wake have cancelled each other’s vorticity,
through mutual interaction. A photographic recording was
taken.every ¢ * = 0.347, although only the results at time
intervals of 1 * = 1.041 are presented in this paper.

Il IMAGE PROCESSING PROCEDURES

The photographic recordings containing the paths
traced in the flow by the magnesium particles were digita-
lized with a Bosch monochromatic video camera. This cam-
era enables a resolution of 512512 pixels, with 256 grey
levels per pixel. The minimum distance to be resolved in the
true flow scale was D /186.

The digital processing of the images obtained was car-
ried out with IBAS/IPS equipment. The first step in process-
ing involved the homogenization of the lighting. This was
achieved by subtracting from the original image the image
resulting from applying a spatial low-pass filter with a-low
cutoff frequency to the former. In order to increase the con-
trast beiween the particle traces and the image background,
a bandpass filter was applied, which simultaneously tended
to heighten the contrast between the traces and soften their
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outline. An example of the process used for isolating and
localizing the traces is presented in Figs. 3(a)-3(g). Figure
3(a) shows the image corresponding to the photograph pre-
sented in Fig. 2(d) reproduced on the display of the comput-
er. Figure 3(b) presents the filtered image. Figures 3(a) and
3(b) also include the transversal grey level profile between
Y/D=04and Y/D=0.7at X/D = 2. An increase in the

f)

FIG. 2. Visualizations of the flow. (a) ¢* = 1.115; (b) t* = 2.156; (c)
t* = 3.197; (d) t* = 4.238; (e) t* = 5.279; (f) t* = 6.320.
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at the same time, long enough to avoid the measurement
error of particle paths. The most important disruptive effect
produced by the velocity evolution during the exposure time
is the generation of curved traces in some areas of the flow
but, in the photographs analyzed in this study this effect has
a relative importance only in the center of the vortices, giv-
ing not a significant contribution in other zones of the flow.
Consequently the global error is coincidental with the mea-
surement error, with the exception of the core of vortices,
where the error increases because the nonlinear evolution of
the velocity.

The measuring errors are related to the extracting and
measuring processes and must be classified according to the
different way of measure used in this work: automatic or
manual. The high contrast existing between the traces and
the background produces in the traces a relative insensitivity
to the binarization process, when the location of the traces is
automatic. Taking into account also the traces that must be
manually measured, the error associated to the measuring
process can be estimated as 8% in the stagnation zones and
lower than this value in the rest.

After the traces were located and measured, the velocity
field in the flow was determined. The evaluation of the veloc-
ity field from the distribution of the traces presupposed two
things: that the tracer particles were of suitable physical
characteristics to enable the flow evolutions in the observa-
tion plane to be followed accurately without modifying them
(passive contaminant), and that the exposure time (2%,

=0.137) used in the photographs was short enough to

avoid important temporal evolutions being produced in the
dynamic field in the interval of time recorded by the photo-
graph. The velocity distribution in cm/sec was obtained
from the particle path distribution in pixels, taking as change
variables the exposure time used and the cylinder diameter
measured in pixels on the image and in centimeters in the
true flow scale.

IV. NUMERICAL PROCEDURES

The first step in the numerical procedure involved the
velocity evaluation from the geometrical characteristics of
the traces. Let CX, CY, /, and a be the coordinates of the
gravity center, length, and angle with OX axis of a trace. The
velocity components # cxycy, a8nd Vcxcy, at the point
(CX,CY) are obtained by

Ucxen, =1cos{@)/tey,, )

Viexery = Isin(a)/1,,

., being the exposure time of the photographs. The picture
was recovered by a square grid. The evaluation of the veloc-
ity components u (i, /),v(i, /) at the mesh point (i, j) of the
grid was carried out by linear adjust of the velocity values
corresponding to the traces located inside a circle centered
on the mesh point and with a radius equal to the mesh inter-
val, as

Uexer, = u(i)) +%L.j) (CX — iAx)
ou .
+— (CY —jby),
ay lap
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Viex.cn = V(b)) +'—a=§:- . (CX — ihdx)
ij
+ = (CY - jAy). (2)
lanp ad

From this set of equations, (4, j) and v(4, j) are deter-
mined by means of the least square method. If there are not
enough traces inside the circle, or the correlation coefficient
is lower than 0.85, then the adjustment was effected from the
eight traces nearest to the mesh point. The number of mesh
points used to generate the velocity distribution was 21 X 21,
which led to a mesh interval in the X and Y, directions of
approximately Ax = Ay = D /8. This value was selected in
such a way that, in the process of adjustment, the velocity
value at each mesh point could be obtained in most cases
from traces located at a distance not greater than a mesh
interval.

The streamfunction distribution was computed by inte-
gration of the previously determined two-dimensional veloc-
ity fieldas =

.
¢p=¢o+f (udy —vdx), (3)
o

where tfy, is the streamfunction value at the origin of coordi-
nates. The mesh point distribution of the streamfunction was
calculated by means of the numerical integration of (3). Fig-
ure 4 shows the integral routes adopted. For the mesh points
along the axes crossing at the coordinate origin, integration
was made in either X or Y directions only, and for all the
others the X, Y, and diagonal direction were arithmetically
averaged. The streamfunction value at the origin of coordi-
nates was assumed to be zero, and its value at another mesh
point was computed by

Ax,
Y

IA,

T N |-
| N |
| N

FIG. 4. Integral routes used for the streamfunction and pressure calcula-
tions.
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FIG. 3. An example of the trace identification process. (a) Original image; (b) filtered image; {¢j:grey level histogram of the filtered image; (d) binary image
obtained for G, = 136; (¢) binary image obtained for G, = 225; (f) binary image obtained from.the common traces; (g) final binary image.

contrast between the traces and the background can be ob-
served, which favors the detection process applied later. A
suitable threshold level was chosen to distinguish between
the traces and the background. This value was obtained from
the analysis of the grey level histogram of the filtered image
using Otsu’s method.”® The threshold value for the histo-
gram presented in Fig. 3(c) is G, = 136. In this way, the
grey level value of each pixel was used as a discriminant
function, classifying each pixel as belonging to a trace or to

mentioned threshold level is shown in Fig. 3(d). As can be
seen, at some-times background noise has been incorrectly
classified as a‘irace; consequently it is necessary to select a
value greater“ihiat G, as a more adequate threshold. This
valueis chosen as G, = (G, + 3X255)/4 = 225 in the pres-
ent work. Figure 3(e) shows that no background noise is

present in thé image when the binarization process is effectu-

ated with the new threshold. Unfortunately, a strong reduc-
tion of the length of some traces was produced. In order to
improve the process, a new image [Fig. 3(f) ] had been ob-
tained from the first binarization [presented in Fig. 3(d)],
subiracting the traces which were not simultaneously in
both binarizations. This image is coincidental with the one
obtained from the lower threshold level, but without the
background noise. Finally, Fig. 3(g) shows the distribution
after manually eliminating the traces that present character-
istics clearly uncorrelated with the neighboring ones (basi-

A, Vol. 1

No. 8, August 1989
161.116.16 gR

8
8.227.

lized by superimposing them in overlay form on the original
image. The traces that had not been located automatically,
are determined manually. The proportion of automatically
reconstructed traces is of about 68%.

Once the image was in correct binary form, each of the
particle paths (with pixels of grey level 255) surrounded by a
background (grey level 0) was assimilated to an object. A
measurement program carried out a screen scan locating
each-of these objects, individualizing them, and extracting
the basic geometrical characteristics for determining the ve-
locity field. The selected geometrical characteristics were
the coordinates of the gravity center of the path, the maxi-
mum distance between two pixels of the trace, and the angle
formed by this segment and the horizontal axis. The pre-
vious knowledge of the flow allows us to distinguish the ini-
tial position between both extremes of each trace. The detec-
tor used in locating the particle paths needed a suitable
connection level to guarantee that the finer traces were not
divided in the identification process.

There are some potential sources of error affecting the
accuracy of the trace characterization process. From among
these, the errors produced by the nonlinear behavior of the
velocity field during the exposure time and the ones induced
through the measurement process of the traces. The expo-
sure time of the camera should be short enough to diminish
the effect of nonlinear velocity evolution for its duration and,
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Yi+nj+8)
= ¢(i, J) — nAx[v(i,j) +v(i+ 17/)1/2

+ EAy[uCi+ nj) +ui+ i+ 6172, 4)

where, adopting suitable values for # and & parameters
( — 1,0, or 1), allows us to obtain the streamfunction value
at each mesh point if it is known in its neighbor. If one or
more of these integral routes crosses the cylinder, its contri-
bution was not considered in the average. In order to mini-
mize and homogenize the accumulated integral errors, the
coordinate origin was sequentially located at each mesh
point. The final streamfunction distribution was obtained by
averaging the streamfunction results obtained for each ori-
gin considered.

The vorticity distribution was obtained from that of the
mesh point velocity. At a mesh point (7, /), the vorticity
(i, j) was obtained as

_ v+ 1) —vi— 1)
2Ax
_ulhj+ ) —u(,j—-1)
2Ay ’

The pressure distribution was obtained from the un-
steady Navier-Stokes equations in two-dimensional form
and assuming incompressible flow.

Foreach ¢t * analyzed, the pressure gradients at the mesh
point (i, j) were computed as

(i, J)

(3)

]
( u(ij‘u(i’j) —u(i—1j) v(i, j) u(i,j) —ui,j— 1) u(l + 1) + (i — 1)) — 2u(i,j)
W@ it Ax ’ Ay (Ax)?
4y u(,j+ 1) +ull,j—1)—2u(i,j) u(i,j) —u_(i.j))
2 - s

(Ay) At (6)

( ui j’v(t ,J) —v(i— 1) — (i, )v(t,J) —v(i,j—1) 4y v(i + 1) +U(l-21,]) —2v(i, /)
3)) G, J) Ax Ay (Ax)

+v v, j+ 1) + vl j—1) —20(,j) v j) — v_(i,j))

(Ay)? At '

The suffix ( — ) indicates that the velocity components
correspond to the photograph taken just before (¢ * — AtUy/
D, where At = 0.631 sec). The integration of the above men-
tioned pressure gradients is obtained as in the streamfunc-
tion calculation case.

The calculation method involved here prevented deter-
mination of the vorticity and pressure distributions on the
cylinder wall and on the edges of the image.

V. RESULTS AND DISCUSSION

Figure 5 shows a definition sketch of the geometric pa-
rameters used in characterizing the time evolution of the
recirculating zone typical in this flow: downstream wake
length, lateral separation between vorticity centers, longitu-
dinal position of these centers, and maximum wake width.

In order to reach a better understanding of the mecha-
nisms governing the genesis and evolution of the vortices,
the two-dimensional distribution of the streamfunction, vor-
ticity, and pressure was then obtained. Only the distribu-
tions corresponding to Figs. 2(b)-2(e) are shown in this
paper, as they are the most representative of the unsteady
flow considered here.

Figure 6 shows the histograms of the trace lengths de-
tected in the different images analyzed, also indicating the
corresponding spatial average and rms values of the distribu-
tions. It can be observed that, as. the vortices: evolve; the
spatial average velocity in the observation window remains
practically invariable, while the rms value increases progres-
sively as a result of the wider range of velocities in different
points of the flow. This proves that the flow undergoes an
inevitable evolution toward increasing smaller scales.

1419 Phys. Fluids A, Vol. 1, No. 8, August 1989

In Fig. 7 the results obtained for the streamfunction,
corresponding to Figs. 2(b)-2(e), may be observed. The
results have been adimensionalized according to the follow-
ing formula {¢* = ¢/(U,D)]. A scale displacement was
carried out for the values in order to obtain a streamvalue of
0 in the cylinder surface. The analysis of this figure reveals
that the results are in agreement with those obtained from
manual measurements by other authors?* for the evolution
of the characteristic geometric parameters of the wake. The
agreement of the shape obtained with the shape suggested by
the particle path distribution may be observed. The stream-
function gradient in the two vortices is of opposite sign, since
they turn in opposite directions. The symmetric nature of the
wake evolution is maintained until the moment of shedding
of the first pair of vortices, with the mutual canceling of their
vorticity.

FIG. 5. Definition sketch of the geometrical parameters analyzed.
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FIG. 6. Time evolution of the path lengths.

FIG. 7. Distribution of the streamfunction.
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FIG. 8. Distribution of vorticity.

Figure 8 shows the vorticity distribution adimensiona-
lized as w* = wD /U,. Two large coherent vorticity struc-
tures of opposite signs may be seen, corresponding to the
first pair of counter-rotating vortices that are formed. The
later process of vorticity diffusion, with the resulting drop in
its maximum value as the vortices evolve and become sepa-
rated from the cylinder, is particularly clear. This process
accelerates for ¢ *»3.5. A considerable anisotropy of the vor-
tical diffusion process may be observed. The lateral vorticity
gradient evolves much more slowly and more uniformly
than the longitudinal gradient. The existence of a dominant
direction in the diffusion process is imposed by the flow it-
self, as it carries the generated vorticity downstream, thus
favoring the diffusion. The high degree of symmetry ob-
served in the vortical distribution is a consequence of the
angular momentum conservation. This symmetry of the pro-
cess remains until the moment of vortex destruction through
their mutual interaction. Once the first pair of vortices shed
themselves there follows a stage of chaotic movement, as a
result of the recombination of their vorticity. This chaotic
behavior of the flow favors the posterior setting up of the
pseudostationary wake characterized by the emission of al-
ternative Karman vortices.

Figure 9 shows the two-dimensional pressure distribu-
tions. The pressure has been adimensionalized as
p* =p/(pUl), where p is the fluid density. For this repre-
sentation, the chosen criterion was-that the adimensiona-
lized pressure value in the upper left-hand corner of the im-
age should be equal to 1 since it is a point that lies
permanently beyond the influence of the cylinder and will
therefore maintain a constant pressure value in the vortex
evolution process. The presence of a maximum value of the
pressure may be observed in the area of the downstream
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FIG. 9. Distribution of pressure.

stagnation point of the cylinder, which gives a practically
constant value throughout the generation process of the
wake. As can be seen, there exists a low-pressure zone with
high gradients in the zone of intense vortical activity, and a
more uniform distribution in the areas far away from the
vortex centers. As in the case of the vorticity, this low-pres-
sure zone decreases as the vortices evolve. This gradient is
especially sharp for £ *<3.5. During the first stage of vortex
evolution, the longitudinal pressure gradient is greater than
the lateral gradient. In later stages of evolution this behavior
is reversed, although a progressive homogenization of the
pressure field can be observed as a consequence of the de-
crease in vortical activity and the homogenization of the
flow. The evaluation of the convective and diffusive terms of
the Navier-Stokes equation shows that the convective pres-
sure contribution is notably higher than the diffusive contri-
bution, thus proving that the transport of the dynamic vari-
ables is mainly carried out convectively, through the
‘dynamic flow field.

Two types of errors affect the accuracy of the evaluation
of the above-mentioned functions: errors related to the mea-
surement process and those associated with the calculation
method. The measuring procedure of the traces implies an
error of 8%, as discussed previously. Imaichi and Ohmi'®
evaluated the accuracy of these numerical calculations and
concluded that only in the mesh points located near the cyl-
inder do the adjust techniques used become relatively inac-
curate, and that the errors associated with the streamfunc-
tion, vorticity, and pressure distributions are, on average,
approximately one-half of those obtained in the measuring
process of the traces. Consequently, it can be established that
the errors in the present distributions are, on average, lower
than 4%.

Figure 10 presents the evolution of the geometrical pa-
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FIG. 10. Time evolution of the geometrical parameters of the wake (O:
present results; O: Bouard and Coutanceau®).

rameters defined in Fig. 5, with respect to the adimensiona-
lized time ¢ *. The downstream wake length L and the maxi-
mum wake width /., have been obtained from the
streamfunction distribution (from the more external closed
isoline) and the lateral separation, b, and longitudinal posi-
tion, a, of the vorticity centers, were obtained from the vorti-
city distribution.

It may be seen that the length of the wake shows a ten-
dency toward linear growth in stretches, with two inflection
points located at +* = 1 and 5.5. The presence of the first
inflection point was also observed by Bouard and Coutan-
ceau® for Re = 3000. This inflection point corresponds to
the moment when the flow changes its structure. This occurs
with the settling of the first pair of vortices generated by the
unstable whirling structures, which arise in parietal zones
immediately after the start of motion of the cylinder. The
linear behavior of the growth, which took place later, follows
the law of Taneda.'* The second point of inflection appears
right after shedding, at £ * = 5.5. This may be explained by
growth rate took place through the recombining of the vorti-
city of the two vortices and, after shedding, the chaotic be-
havior of the flow favors the downstream transport of the
dynamic field of the wake, and produces a significant in-
creasing in the growth of the wake length, which tends to fill
the whole nonpotential flow area. In the stage before vortex
shedding the montentum transport, downstream of the cyl-
inder, is confined by the high coherent vorticity of the first
two vortices generated by a strong pressure gradient at the
beginning of motion.

The lateral separation between vorticity centers, b /D,
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shows a significant decreasing evolution in the first phase of
the generation of the wake. This is due to the fact that the
vortices are generated on both sides of the cylinder at diame-
trically opposite points, and then evolve rapidly toward the
wake axis. For t * = 1, coinciding with the moment at which
the first flow transition is produced, this parameter is stabi-
lized at & /D = 0.6. This value is maintained until the mo-
ment of shedding, when it drops slightly as a result of the
approximation process undergone by the interacting vorti-
ces.

The time evolution of the longitudinal position of the
vorticity centers, a/D, reveals behavior similar to that de-
tected for L /D. The plot of the evolution of a/L enables the
minor differences between the evolution of these two param-
eters to be observed. During the first phase of the process, the
downstream length of the closed wake is seen to evolve faster
than the longitudinal position of the vortex centers. This
results from the fact that the vortices are undergoing a gener-
ation phase and their vorticity centers are therefore more
linked to the generating cylinder than the rest of the wake.
For ¢ *>2, the velocity of the vorticity centers is similar to
that of the downstream front of the recirculating zone,
reaching a practically constant value of a/L = 0.4 until the
moment of shedding, after which the velocity of the vorticity
centers becomes greater than that of the front of the wake.

The maximum wake width increases in the first stage of
the process. After ¢t* = 3.5, its evolution is stabilized at
l../D = 1.2. As the vortices shed from the cylinder, this
parameter decreases as a result of the redistribution of vorti-
city, which enhances the confining action of the potential
dynamic field. Comparing the evolution of /. /D with that
observed for b /D, it is seen that after the first stage of the
process, in which the vorticity centers lie in the outer part of
the recirculation zone, these centers gradually draw nearer

to the wake axis, remaining in this situation until the mo-
ment of their shedding. Figure 10 also shows that the present
results are consistent with those obtained by Bouard and
Coutanceau for Re = 3000 for ¢ *<3.

Figure 11 shows the evolution of the velocity on the flow
axis. These values are obtained from the lateral profiles of
the longitudinal velocity. Results obtained by Bouard and
Contanceau® and Loc and Bouard'® for Re = 3000 are also
included. A reasonable agreement between the present and
previous results exists. The negative zone of the curves corre-
sponds to the returning flow generated in the axis zone. It
may be observed that when ¢ * increases, the velocity of the
returning flow increases for ¢* <3.5, and decreases for
t*> 3.5. This behavior must be linked to the evolution of the
vortices in two ways: first, a coherent growth of the vortices
exists and second, the interaction between both vortices pro-
duces its destruction and the homogenization of the velocity
field in the wake. The position of the second zero velocity
point coincides with the closed wake length obtained from
the streamfunction distributions (Fig. 10). Far away from
the cylinder, the axial velocity shows an asymptotic tenden-
cy toward the free-stream velocity. This tendency becomes
stronger as ¢ * decreases.

The time evolution of the maximum velocity of the re-
turning flow, u,,,,, and its location, d, are plotted in Fig. 12.
The results obtained by Bouard and Coutanceau®* are also
included. The u,,, results agree with the above-mentioned
behavior of the vortices and show a decreasing tendency
after ¢ * ~3.5. The location of the maximum velocity, d, in-
creases regularly with time. When the vorticity diffusion be-
comes relevant (¢ *>4), the turbulent behavior of the wake
causes a lack of definition in the results, especially for the
onesinvolving d /D. This tolerance has been indicated in Fig.
12 by a shadowed area.
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FIG. 12. Time evolution of the magnitude and of the location of the velocity maximum in the wake. (O: present results; O: Bouard and Coutanceau®.)

V1. CONCLUSIONS

The image processing of the flow pictures obtained from
two-dimensional flows constitutes a new way of analyzing
the hydrodynamic field that has been established. The pres-
ent results obtained in the unsteady flow generated by the
implusively started cylinder both complete and complement
other existing studies, although these studies have been
based on more conventional techniques. The determination
of the velocity field, carried out by means of image process-
ing techniques, and the later determination of the fluid dy-
namic distributions (streamfunction, vorticity, and pres-
sure) allow the physical interpretation of this complex flow
generation and its time evolution. It is observed that, for
t *< 3.5, the vortices evolve, maintaining high coherence and
low lateral diffusion. An increase in the diffusion process is
later observed and for ¢ * ~ 5.5, the vortices shed. A flow with
chaotic behavior is then generated, which favors the setting
up of the pseudostationary wake and the alternative vortex
shedding.
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